Abstract. The survival benefits of sorafenib treatment for patients with hepatocellular carcinoma (HCC) are limited due to drug resistance and side effects. Therefore, combinations of sorafenib with other low toxicity drugs, including arsenic trioxide (As 2 O 3 ) require investigation. The present study aimed to evaluate the potency of apoptosis-induction by As 2 O 3 /sorafenib treatment in HCC cell lines, Huh7, 97H and freshly-isolated HCC cells, and also to elucidate the underlying mechanism. A total of 10 patients with HCC were enrolled in the present study. Freshly-isolated HCC cells were purified from HCC tissues collected at surgery. HCC-cell apoptosis was measured by flow cytometry using proprium iodide/Annexin-V staining. The impacts of As 2 O 3 and/or sorafenib on Huh7, 97H and fresh-isolated HCC-cell proliferation were evaluated by Cell Counting Kit-8 assay.
Introduction
As the second leading cause of cancer-associated mortality in men, and the sixth in women worldwide (1) , human hepatocellular carcinoma (HCC) remains a severe global health threat. Chronic infections of hepatitis B virus (HBV) and hepatitis C virus (HCV) are major risk factors associated with HCC (2) . With an increased rate of HBV/HCV infection and other risk factors, including obesity, cigarette smoking, diabetes mellitus and heavy alcohol consumption, the incidence of HCC has also increased (3) . In order to prevent HCC progression, tumor resection, liver transplantation and radiofrequency (thermal) ablation [RF(T)A] are commonly used for HCC treatment (4) (5) (6) . Although these treatments have improved the survival rates of patients with HCC, they are only appropriate for a minority of patients, and their efficacies are limited by high recurrence rates (7) . Hence, new systemic therapies for HCC are urgently required.
Sorafenib, an oral multi-kinase inhibitor, can block certain signaling pathways, including those of Raf kinase and vascular endothelial growth factor (VEGF) (8 (9) . Therefore, it has been proposed as the standard treatment for patients with advanced HCC. Considering its strong effect on the suppression of angiogenesis and the induction of apoptosis (10) , it has also been approved for the treatment of other types of advanced cancer, including renal cell carcinoma (11) , breast cancer (12) and leukemia (13) . However, the survival benefits for patients with HCC treated with sorafenib treatment are modest due to individual variation and toxicity (14) . The establishment of sorafenib-based therapeutic combination options is required to improve the overall survival rate of patients with HCC. Arsenic trioxide (As 2 O 3 ), a traditional Chinese medicine, has been widely used to treat acute promyelocytic leukemia (APL) (15) . It induces differentiation at low concentrations (<0.5 µM) and increases apoptosis at higher concentrations (0.5-2.0 µM) in APL cells (16) . Previous studies have used As 2 O 3 to treat various types of solid cancer, including small cell lung cancer (17) and colon cancer (18) . Despite its ability to inhibit hepatocellular tumor growth and cell apoptosis in vitro (19) , a phase II clinical trial reported that As 2 O 3 had limited activity against advanced HCC (20) . On the other hand, a different study demonstrated that As 2 O 3 potentiated the anticancer activity of sorafenib in HCC by inhibiting Akt activation (21) . As 2 O 3 in combination with chemotherapy is now considered to have potential in cancer therapeutics (22) . However, the effect of sorafenib/As 2 O 3 combination on primary HCC cells and the underlying mechanisms remain to be elucidated.
TNF-related apoptosis-inducing ligand (TRAIL), also known as Apo2L, is a member of the TNF superfamily with potential for anticancer therapy (23) . TRAIL induces apoptosis through interacting with its receptors, death receptor (DR)4 and 5, causing tumor-cell death (24) . The upregulation of TRAIL expression is directly involved in the inhibition of tumor initiation and metastasis (25, 26) . However, regulation of the TRAIL ligand remains poorly understood compared with TRAIL receptor-binding.
To provide a novel solution to sorafenib-resistance in HCC, the present study aimed to evaluate the efficacy of As 2 O 3 /sorafenib combined treatment against primary HCC cells and its impact on TRAIL expression. We hypothesized that the synergistic interaction of As 2 O 3 and sorafenib would induce apoptosis of HCC cells via a TRAIL-dependent pathway. Furthermore, this synergistic effect was analyzed in fresh-isolated HCC cells.
Materials and methods

Isolation of fresh HCC cells.
A total of 10 patients with HCC, including 4 females and 6 males, aged between 48 and 79 years, with a median age of 62 years, who were either HBV-or HCV-positive underwent surgical resection at Zhongshan Hospital (Shanghai, China) between January 2013 and December 2014. HCC tissues were collected at surgery, washed in Hank's solution (8.0 g NaCl, 0.2 g KCl, 0.2 g Na 2 HPO 4 ·H 2 O 1.56 g, KH 2 PO 4 in 1 l distilled water) and sliced into 0.5-1.0-mm 3 sections. Sections were incubated with 5-10 ml collagenase containing penicillin (100 U/ml)/streptomycin (100 mg/ml) at 37˚C for 30 min, and centrifuged at 4˚C, 300 x g for 12 min to achieve a single-cell suspension. HCC cells were isolated by repeated trypsinization and adhesion. The present study was approved by the institutional review board of Zhongshan Hospital, Fudan University (Shanghai, China). Written informed consent was obtained from all patients in accordance with the Declaration of Helsinki.
Cell culture. The human HCC cell lines, Huh7, 97H and L-02, were purchased from the Cell Bank of the Shanghai Institutes for Biological Science (Shanghai, China). Huh7, 97H, L-02 and freshly-isolated HCC cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Biowest, Nuaillé, France) and penicillin (100 U/ml)/streptomycin (100 mg/ml). Cell cultures were maintained at 37˚C in a humidified atmosphere with 5% CO 2 . HCC cells were seeded in 6-, 24-or 96-well plates and incubated overnight for attachment. Following 24-h starvation, cells were treated with different concentrations of sorafenib (5, 10 and 20 µM) and As 2 O 3 (0.5, 1 and 2 µM) for 24, 48 and 72 h. A medium-only group served as a negative control.
Cell Counting Kit-8 (CCK8) assay. The culture medium was discarded and 100 µl serum-free DMEM was added to each well with 10 µl CCK8 assay reagent (Dojindo Molecular Technologies, Inc., Kumamoto, Japan). After a 4-h incubation at 37˚C, the absorbance was measured at 450 nM using a microplate reader (Molecular Devices, LLC, Sunnyvale, CA, USA). A total of 6 replicates were performed for each sample to obtain a mean value. The drug combination index value was calculated according to Jin's formula: Q=E(A+B)/(EA+EB-EA * EB) (27) . E(A+B) being the inhibitory effect of the co-treatment of 2 drugs, while EA and EB are the inhibitory effects of the single drugs.
Apoptosis assay. Apoptosis was measured using an Annexin-V-FITC Apoptosis Detection kit (BD Bioscience, Franklin Lakes, NJ, USA), according to the manufacturer's protocol. Briefly, following single-or combined-agent drug treatments, 1x10 5 cells were washed twice with cold PBS and resuspended in 500 µl binding buffer for Annexin-V and propidium iodide (PI) staining. After staining, ~20,000 cells were analyzed using a FACS Arial II system (BD Biosciences). Annexin-V + PI -cells were analyzed as apoptotic and Annexin-V + PI + cells were regarded as necrotic cells.
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA of HCC cells following single or combined treatment was isolated using TRIzol (Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer's protocol. 1 mg total RNA from each sample was reverse-transcribed to cDNA using a PrimeScript ® RT reagent kit (Takara Bio, Inc., Otsu, Japan), according to the manufacturer's protocol. RT-qPCR was performed using SYBR ® Premix Ex Taq™ (Takara Bio, Inc.), according to the manufacturer's protocol, and cDNA amplification was detected using a 7500 RT-PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) for 40 cycles at 95˚C 5 sec and 60˚C 30 sec. Relative gene expression was quantified using the 2 -ΔΔCq method (28) . The sequences of each primer used are listed in Table I (Invitrogen; Thermo Fisher Scientific, Inc.).
Western blot analysis.
Western blotting was performed as previously described (7). Briefly, HCC cells were harvested following single or combined drug treatment by scraping. The cells were incubated with lysis buffer (1 mmol/l EGTA, 150 mmol/l NaCl, 1% Triton X-100, 2.5 mmol/l sodium pyrophosphate, 1 mmol/l PMSF, 1 mmol/l Na 3 VO 4 , 1 mg/ml leupeptin, 1 mg/ml aprotinin, 5 mmol/l NaF in 20 mmol/l Tris-HCl buffer, pH 7.5). Cell lysates were centrifuged at 13,000 x g, 4˚C for 30 min. Protein concentration was determined using the BCA protein analysis (Thermo Fisher Scientific, Inc.) and 40 µg of protein from each sample of protein were separated by 10% SDS-PAGE gels. The separated proteins were transferred onto PVDF membranes. After blocking with 5% nonfat dry milk in double-distilled water at room temperature for 1 h, membranes were washed 3 times with TBS containing 0.1% Tween (TBS-T) at room temperature for 5 min each time and incubated overnight at 4˚C with anti-TRAIL (cat. no. 3219S; Cell Signaling Technology, Danvers, MA, USA) and anti-GAPDH (cat. no. 5174S; Cell Signaling Technology) at a 1:1,000 dilutions overnight. The membranes were washed 3 times with TBS-T at room temperature for 5 min each time, followed by 1 h incubation at room temperature in a 1:1,000 dilution of horseradish peroxidase conjugated goat anti-rabbit secondary antibody (cat. no. 111-035-003; Jackson Laboratory for Genomic Medicine, Farmington, CT, USA). Following incubation, membranes were washed 3 times with TBS-T and were visualized by enhanced chemiluminescence (Pierce ECL Western Blotting Substrate; Thermo Fisher Scientific, Inc.).
RNA silencing. TRAIL was downregulated in HCC cells using siRNA duplexes (GenePharma, Co., Ltd., Shanghai, China). Briefly, untreated Huh7 cells were seeded in a 6-well plate at 5x10 5 cells per well, and incubated overnight for attachment. After growing to 80-90% confluency, the cells were transfected with 20 nM TRAIL siRNA or negative control (the sequences of all siRNA are listed in Table II ) using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol, in Opti-MEM medium (Gibco; Thermo Fisher Scientific, Inc.) without FBS. A total of 6 h later, the media was replaced by DMEM containing 10% FBS. A total of 24 h later, mRNA was used to detect the efficiency of transfection by RT-qPCR. After 48 h, HCC cells were treated with 1 µM As 2 O 3 and 5 µM sorafenib for further research.
Statistical analysis. All analyses were performed using SPSS software (version 13.0; SPSS Inc., Chicago, IL, USA). Data are expressed as the mean ± standard error of the mean. Normality was assessed by Shapiro-Wilk test. One-way analysis of variance or Kruskal Wallis testing was used for normal or non-normal data, respectively. The least significant difference test was used for post-hoc multiple comparisons. P<0.05 was considered to indicate a statistically significant difference. Fig. 1 ). Proliferation was suppressed at all concentrations of sorafenib alone, even at the lowest dose of 5 µM (1.564±0.070 vs. 2.882±0.007 in sorafenib-treated and control cells, respectively; P<0.01, Fig. 1 ). Huh7-cell proliferation was inhibited in an As 2 O 3 -concnetration-dependent manner when treated with sorafenib in the presence of varying concentrations of As 2 O 3 ( Fig. 1) . To determine whether the combined treatment had a synergistic impact on cell proliferation, the combination index values of each dose were calculated according to Jin's formula. At a concentration of 5 µM sorafenib and 1 µM As 2 O 3 , a synergistic effect was evident (Q=1.7>1.4). The effect on proliferation at high doses (20 µM) of sorafenib and As 2 O 3 resulted in cell death (Fig. 1) . However, a synergistic effect was not detected in 97H cells. Inhibition of proliferation of 97H cells was evident only at high concentrations of sorafenib (0.795±0.052 vs. 1.495±0.015, in 10 µM sorafenib-treated and control cells, respectively; P<0.01; 0.359±0.034 vs. 1.495±0.01520 in 20 µM sorafenib-treated and control cells, respectively; P<0.01; Fig. 1 ).
Results
Effects of As
Combined treatment of As 2 O 3 and sorafenib increases cell death in Huh7 cells via TRAIL.
When treated with 1 µM As 2 O 3, or 5 µM sorafenib, or a combination of the two drugs, for 24, 48 and 72 h, the apoptotic rate was significantly increased in Huh7 cells. Combination treatment demonstrated a synergistic effect on apoptosis and necrosis (P<0.01; Fig. 2) . After 72 h with combination treatment, almost all Huh7 cells were Annexin-V + (data not shown). Sorafenib resulted in significantly increased cell death after 48 h in normal liver (L-02) cells, but not after 24 h (Fig. 3) . A number of genes associated with apoptosis were examined by RT-qPCR (data not shown), which demonstrated that the gene expression of TRAIL selectively induced apoptosis in tumor cells (29) . TRAIL expression was significantly upregulated in the combination treatment group compared with the control and single treatment groups (Fig. 4A) . TRAIL protein expression levels demonstrated consistent results (Fig. 4B and C) . 
The synergistic effect of As 2 O 3 and sorafenib on Huh7-cell death is dependent on TRAIL.
In order to investigate whether the synergistic effect of sorafenib and As 2 O 3 on Huh7-cell death occurred via a TRAIL-dependent pathway, TRAIL-targeted siRNA was used to downregulate TRAIL expression for 48 h, after which the apoptosis of Huh7 cells was analyzed by flow cytometry. The synergistic effect of As 2 O 3 and sorafenib on Huh7-cell apoptosis was reversed compared with negative control (Fig. 5) .
As 2 O 3 and Sorafenib combined treatment enhanced cell death in fresh isolated HCC cells.
In order to investigate the clinical effect of As 2 O 3 and sorafenib in combination, the anti-tumor activity of the combination treatment was analyzed in freshly isolated HCC cells. Annexin-V/PI staining was performed after 24 h treatment. The results revealed that cell death was significantly upregulated in the HCC-patient cells treated with As 2 O 3 and sorafenib in combination (P<0.05; Fig. 6 ). Sorafenib or As 2 O 3 alone had no effect on tumor cell death in some of the HCC patients.
Discussion
HCC is a complex and heterogeneous type of tumor, associated with genomic aberrations (30) . A number of signaling cascades, including mitogen-activated protein kinase (MAPK), VEGF and phosphoinositide-3-kinase (PI3K) have been demonstrated to be involved in HCC, and drugs have been designed to target these signaling pathways (31) . Unfortunately, a number of these drugs, including brivanib, sunitinib and erlotinib, failed phase III clinical trials (32) . Sorafenib, a multikinase inhibitor, remains the standard treatment for patients with advanced-stage hepatocellular carcinoma (33) . The standard initial dose of sorafenib is 400 mg, taken orally, twice daily (34) . The high dosage required can present financial and physical burdens for patients (35) . Various adverse effects, including severe skin rash can occur following sorafenib administration (36) . Therefore, novel therapeutic approaches to improve sorafenib efficacy at lower dosages are urgently required. Previous studies have demonstrated that synergistic sorafenib therapy such as sorafenib combined with TACE or hepatic arterial infusion chemotherapy can enhance its antitumor activity (37) . As 2 O 3 is currently the most effective single agent treatment of APL, with a dose of 0.16 mg/kg/day allowing complete remission with lower-dose chemotherapy (38) . Furthermore, As 2 O 3 has been demonstrated to suppress tumor growth in liver, prostate and breast cancer through demethylation/apoptosis pathways (39) . Research has demonstrated that As 2 O 3 induced growth arrest of liver cancer, HepG2 and HepG3B, cells via activation of FOXO3a (39, 40) . Furthermore, minimal side effects of As 2 O 3 treatment have been observed (41) . Thus, the combination of As 2 O 3 and sorafenib has been hypothesized to have potential for effective treatment of HCC (21) .
Although the present study demonstrated that As 2 O 3 combined with sorafenib executes an anti-tumor effect by triggering cell death in Huh7 cells, this was not observed in 97H cells. One reason for this difference may be different status of cell differentiation. Another is that Huh7 cells are characterized as HBV-negative whereas 97H are HBV-positive. HBV virus status has been associated with the effectiveness of sorafenib treatment, HBV-negative patients receiving sorafenib treatment had an improved OS time (42) . HBV virus status may also influence the effect of As 2 O 3 combined with sorafenib on HCC cells. Despite the cell type specificity, an advantage of the combination is the potential for a decreased dosage of sorafenib. An in vitro dosage of 5 µM sorafenib with As 2 O 3 corresponds to 50% the therapeutic plasma level of sorafenib in patients with HCC receiving 400 mg sorafenib twice daily (43, 44) . Furthermore, no significant side effects were demonstrated in the normal liver cell line after 24 h combination treatment, while sorafenib alone was toxic at 48 h. This may be associated with the previously reported dose-limiting toxicities of sorafenib (45) . These findings indicate that even at a low dosage of 5 µM, sorafenib impacts the viability of normal liver cells, further supporting the investigation of combined regimens, to achieve improved anti-tumor efficacy and minimized toxicity.
Programmed cell death (PCD) is an important cellular mechanism whose dysregulation has been reported to be involved in tumor formation (46) . Induction of PCD is the best-characterized cause of cell death in most cell types (47) . Seeing as As 2 O 3 and sorafenib induce apoptosis in human cancer cell lines (48, 49) , the synergic effect of sorafenib with As 2 O 3 on human liver cancer cell apoptosis pathways was investigated. It was revealed that TRAIL, closely associated with PCD (50), was upregulated in the As 2 O 3 and sorafenib combined-treatment group compared with untreated cells. Downregulation of TRAIL expression in the combined group significantly reduced the rate of PCD in HCC cells. These results indicate a close association between TRAIL and PCD-induction in HCC. TRAIL not only serves a role in induction of cell death, but also as a key effector in the immune system (51) . It has been demonstrated that TRAIL -/-mice were more susceptible to autoimmune diseases such as arthritis and diabetes (52) . Further study is required to investigate whether the As 2 O 3 and sorafenib combination causes HCC-cell death by impacting the tumor immune microenvironment as well as inducing tumor-cell PCD.
To determine the value of the combination of As 2 O 3 and sorafenib in clinical practice, freshly isolated HCC cells were collected from HCC patients who underwent surgery. The results confirmed that the combination treatment induces HCC-cell death. This result supports further clinical investigations of this combined treatment, particularly as the primary HCC cells were only sensitive to the combined treatment, and not to sorafenib or As 2 O 3 alone. Recently, it has been reported that targeted TRAIL gene therapy may provide a potential strategy for HCC therapy in a preclinical setting (53) . The results of the present study suggest that targeted TRAIL therapy, based on the success of sorafenib/As 2 O 3 treatment, may benefit patients with HCC.
The present study demonstrates that As 2 O 3 and sorafenib combination treatment causes HCC-cell death via the TRAIL signaling pathway. Furthermore, the combination had potent anti-tumor activity in freshly isolated HCC cells from patients with HCC patients, while these cells were resistant to the treatment of sorafenib or As 2 O 3 alone. The authors acknowledge that these findings need to be validated in vivo. However, the significance of the present study lies with the potential of a novel therapeutic target. Therefore, clinical research of As 2 O 3 and sorafenib combination treatment of HCC should be prioritized. However, the anti-tumor activity of this combination was demonstrated to be cell type specific, which is likely associated with the HBV virus infection. The underlying mechanisms of this effect also require further investigation.
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